INTRODUCTION
The SkyTEM survey at Cane River was commissioned by the Water Corporation Western Australia. The major objectives were as follows:
• Map the thickness of alluvial material overlying the calcarenite bedrock.
• Detect fracture zones in the calcarenite bedrock, as a guide to borehole yield.
• Improve the understanding of the distribution of fresh vs saline groundwater in the area.
Information available at the time of the survey was that fresh groundwater was restricted to within 2 km of the Cane River, was affected by saltwater intrusion near the coast.
Hydrogeology
The hydrogeology of the Cane River area is summarised from Haig (2009) .
The shallow geology around the Lower Cane River borefield consists of up to 25 m of Quaternary alluvial sediments overlying the Tertiary Trealla Limestone. Tertiary units are underlain by Cretaceous units of the Carnarvon Basin. The Cretaceous sequence is in turn underlain by Archaean and Proterozoic rocks including granites near the coast and quartzites towards the south of the survey area.
Most drillholes in the area are quite shallow (< 60 m depth), and do not penetrate far into the Cretaceous or Proterozoic rocks. The main aquifers are narrow channel deposits parallel to the present river. Yields are highly variable and do not correlate well with the type of geology screened. Lowest yields occur where sediments are clayey or well-cemented. Significant groundwater yields also occur at the contact between the alluvial sediments and the underlying Trealla Limestone. The limestone itself produces high yields where it is fractured and jointed.
Recharge to the alluvium is predominantly around the river via flood events, but some recharge also occurs by direct infiltration. The Trealla Limestone aquifer is recharged via direct infiltration from the overlying alluvials.
AEM survey
The survey was flown in mid-2011 using the SkyTEM The detailed geometry of the nearshore saline intrusion has been successfully defined in three dimensions. The intrusion occurs in the unconfined aquifer above the impermeable Muderong Shale.
A broad zone of low conductivity has been mapped within the alluvium and Trealla Limestone, which has been interpreted to indicate the extent of relatively fresh groundwater. The low conductivity zone has greatest extent in the 10 -20 m depth slice. Between 20 -50 m depth, the low conductivities are confined to the downstream part of the Cane River. At these depths, the low conductivities extend further to the eastern side of the river than to the west. This result suggest that it may be possible to expand the existing borefield to the east in areas without clay cover, while retaining a reasonable buffer from the nearshore saline intrusion.
A number of shallow granite bedrock highs have been identified in the northern and central parts of the survey area, many of which have not been intersected by existing drilling. The upper weathered and/or fractured parts of the granite may have potential as aquifers where they are not overlain by impermeable clays. However the margins of the granite should be avoided where they are in contact with the onlapping Muderong Shale, which is associated with poor water quality.
coils were located at the edge of the transmitter loop in a quasi in-loop geometry. Figure 1 shows the AEM survey area, flightpath and digital elevation model (DEM) with respect to the existing bores and cultural features. The total survey consisted of 875 line km. Line spacing in the northern two thirds of the area was 500 m, with some infill at 250 m. The southern third of the survey was flown at a line spacing of 1000 m. The Dampier-Bunbury gas pipeline cuts diagonally across the southern part of the survey area.
Inversion
EM data have been inverted using the fast approximate layeredearth inversion code iTEM, with lateral parameter correlation (LPC; Christensen and Tølbøll, 2009 ). Layer thicknesses were predefined to increase gradually with depth (from 1 m for the top layer to 34.6 m for the layer immediately above basement).
The high-and low-moment decays at each location were inverted simultaneously for the layer conductivities.
The iTEM-LPC inversion is a variation of the basic approach in which the layer conductivities are constrained to vary smoothly laterally (ie along each line), as well as with depth. This means that the conductivity of any given layer of the model is forced to vary gradually along the line. The LPC inversion is designed to break the lateral constraint if required by the data (ie if a genuine abrupt lateral conductivity change exists, such as at a fault). The LPC inversion approach is particularly appropriate for a sedimentary setting such as Cane River where the geology is predominantly flat-lying, and yields models which are generally easier to interpret geologically.
Depth of investigation
An automated analysis of the depth of investigation is generated as part of the LPC inversion. This corresponds to the depth, above which, the final conductivity model is predominantly influenced by the observed data rather than by the a priori information (e.g., constraints) applied to the inversion. The estimated depth of investigation for the Cane River survey ranges from 100 -220 m. The smallest depths of investigation are near the coast in the highly-conductive area affected by saltwater intrusion. The largest depths of investigation are in the central and southern parts of the survey area, where there is relatively thin cover of conductive Quaternary, Cainozoic and Cretaceous units over less conductive Cretaceous sandstones and Proterozoic bedrock. The deepest groundwater bore within the main borefield is only approximately 60 m deep, and ~100 m in the upper Cane River so it is considered that the SkyTEM survey has achieved a satisfactory depth of investigation over the entire survey area. Figure 2 shows the average conductivity within the interval 10 -20 m below ground level (bgl).
INTERPRETATION
A broad zone of low conductivity occurs around the Cane River (feature A). The east-west extent of this zone is ~ 5 km in places. The low conductivities are interpreted to represent relatively fresh groundwater rather than dry alluvium. The lowconductivity zone narrows towards the northern end of the survey area, which is affected by nearshore saline intrusion (feature D).
Prominent circular low conductivity anomalies in the centre and south of the survey area (feature E) are interpreted as unweathered Proterozoic granite bedrock highs. Some of these also have a magnetic expression. Figure 3 shows the average conductivity within the interval 30 -40 m bgl.
The low conductivity zone around the lower Cane River (A) is reduced in lateral extent compared with shallower depth slices (e.g., Figure 2 ).
The nearshore saline intrusion (D) extends noticeably further inland than in the 10-20 m slice (Figure 2 ). The high conductivities associated with the saline intrusion are continuous across the survey area at its northernmost end, whereas at shallower depths a narrow, low conductivity channel separated the western and eastern lobes of the saline intrusion.
Further granite bedrock highs are evident (E), and some of the groups of small individual bedrock highs can be seen to have merged into single larger intrusions. The interpreted granite at 7587500N corresponds to a magnetic granitoid interpreted from the TMI data. The granites and Proterozoic bedrock north of 7590000N and in the extreme south of the survey area are non-magnetic.
The high conductivities in the east of the southern half of the survey area (features H) are associated with highly conductive Cretaceous Shales (Muderong Shale). Figure 4 shows the conductivity-depth section for Line 900200 (refer to Figure 1) , with drillholes superimposed. Drillholes on the top and bottom panels show water conductivity and airlift flow rate data respectively.
High conductivities from the near-surface to depth at the northern end of the section are due to the nearshore saline intrusion. The interface between the saline water and overlying fresher groundwater deepens towards the south (inland), as expected in an unconfined aquifer. The saltwater wedge is underlain by the conductive Muderong Shale, and it is not possible to identify the top of the shale where it is overlain by the highly saline water.
The survey line just crosses onto a subcropping granite high at its southern end -a deep zone of low conductivity associated with the granite can just be seen at the extreme southern end of the conductivity section, at elevations ~ -60 m AHD. The deep highly-conductive zone overlying the granite is interpreted as Muderong Shale, lapping onto the older granite bedrock. The shale is more flat-lying between 7600400N and 7604000N -the elevation of the top of the shale is about -50 m AHD in this region. North of 7604000N it is not possible to distinguish the shale from the overlying nearshore saline intrusion. Immediately above the shale and saltwater wedge conductors, a series of resistive zones (40 -60 mS/m) at an elevation of ~ -10 m AHD are interpreted as relatively massive Trealla Limestone. The overlying saturated alluvium, consisting of sands, clays and gravels, is more conductive (60 -100 mS/m). The interface between the Trealla Limestone and the overlying saturated alluvium is not sharply-defined as the limestone does not consistently exhibit low conductivity, and has a very similar conductivity to the alluvium in some areas. For example, boreholes 29_88 and 4_86 intersected limestone of moderately high conductivity.
Resistive near surface patches (dark blue) show areas of unsaturated alluvium. A thin near-surface conductor, interpreted as a clay layer within the alluvium, extends from 7601800N -7603400N. Figure 5 shows a three-dimensional view of the conductivitydepth section from the southern end of Line 900200 (refer to Figure 1) , with the east-west geological section of Haig (2009, Figure 45 ) georeferenced and superimposed. The view is looking approximately to the southeast. The dry alluvium is seen to be resistive (≤ 40 mS/m), the sand, clays and gravels below the water table to be moderately conductive (60 -100 mS/m) and the Trealla Limestone to be moderately resistive (40 -55 mS/m).
CONCLUSIONS
The SkyTEM survey has met with mixed success in achieving the original survey objectives. The detailed geometry of the nearshore saline intrusion has been successfully defined in three dimensions. The intrusion occurs in the unconfined aquifer above the impermeable Muderong Shale. The survey has been partially successful in mapping the thickness of Quaternary alluvium.
Although a strong conductivity contrast exists between unsaturated and saturated or clay-rich alluvium, there is a variable conductivity contrast between the alluvium and the underlying Tertiary Trealla Limestone. The survey has not been successful in identifying fractures within the Trealla Limestone. Comparison of airlift flow rates with the AEM conductivities shows that there is poor correlation between the AEM conductivity and flow rate. However, a moderate positive correlation exists between the bore water quality and AEM conductivity, and low conductivity zones on the AEM maps may thus generally be taken to indicate areas of reasonable groundwater quality.
In addition to the main objectives, the survey has identified some additional features within the area of interest for future groundwater investigations. An extensive clay layer has been interpreted within the alluvium. This interpreted clay may inhibit or prevent recharge of the deeper Quaternary and Tertiary aquifers. There are extensive clay-free zones within the survey area, and it is recommended that future boreholes be sited in areas with no clay cover. A broad zone of low conductivity has been mapped within the alluvium and Trealla Limestone, which presumably indicates the extent of relatively fresh groundwater (Feature A in Figures 2  and 3) . The low conductivity zone is largest in the 10 -20 m depth slice. Between 20 -50 m depth, the low conductivities are confined to the downstream part of the Cane River, north of 7600000N. At these depths, the low conductivities extend further to the eastern side of the river than to the west. This result suggests that it may be possible to expand the existing borefield to the east in areas without clay cover, while retaining a reasonable buffer from the nearshore saline intrusion. A number of shallow granite bedrock highs have been identified in the northern and central parts of the survey area, many of which have not been intersected by existing drilling. One of these shallow intrusions is magnetic and has also been detected by the regional total magnetic intensity data. The upper weathered and/or fractured parts of the granite may have potential as aquifers where they are not overlain by impermeable clays. For example production bore 8_10 is screened in granite and has both reasonable flow rates (~200 m 3 /day) and water quality (~500 mg/L). However the margins of the granite should be avoided where they are in contact with the onlapping Muderong Shale. The Muderong Shale is highly electrically conductive (> 200 mS/m) and has been well mapped by the AEM survey. The AEM data show that the shale dips gently towards the southwest, consistent with existing geological knowledge. The interpreted elevation of the top of the shale decreases from ~ -10 m AHD at 7585000N to ~ -50 m AHD at 7602000N. The shale forms the hydrogeological basement for shallow groundwater exploration in much of the survey area as it is associated with poor-quality water and low flow rates. Shale is present at higher elevations around the margins of the granite bedrock highs, and should be avoided in future exploratory drilling.
Final assessment of the survey results by the Water Corporation concluded that the survey was useful in that drilling targets were picked for a drilling investigation. However further expansion of the borefield was considered financially viable only if it was possible for the capacity of the borefield to double. Based on the results of the survey it was deemed that this was not likely and long term planning was changed to focus on other possible water sources for Onslow, such as desalination. The survey was useful and did achieve the main objective and help guide long term planning decisions. This resulted in time and cost savings by reducing the number of options to be investigated for future supply. 
